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ABSTRACT
We report the structural study of mixed monolayers of partially deuterated ,N′-di-hexadecyl- 
INTRODUCTION
Traces of heavy metal ions are present in natural waters under various forms, such as hydrated ions or complexes. Some of them are known to be toxic and can cause environmental damage. Their concentration in natural waters is usually very low, but it can significantly increase in polluted water [1] .
Alkylated azacrown ethers (ACE) in combination with fatty acids have been extensively used as carriers for the transport of Cu(II), Pb(II), Ni(II) and Cd(II) ions in Permeation Liquid Membranes (PLM) for environmental analysis purposes [ 2] . A PLM device typically consist of two aqueous phases, called the source and strip solution, which are separated by a membrane soaked in an immiscible organic solvent [ 3] . The metal ions transport is based on selective complexation by a hydrophobic, membrane-soluble ligand (e.g., a mixture of ACE and fatty acid) dissolved in the organic solvent, which works as a shuttle between the two phases. The metal ions are released in the strip solution, where they are complexed with a hydrophilic, water-soluble ligand stronger than the carrier.
Azacrown ethers and their mixtures with fatty acids have been studied at the oil-water interface using surface-pressure isotherms and other classical surface characterization techniques [4] . However, the detailed structural information is still lacking. The isotherms obtained at the oil-water interface cannot be understood using a simple Langmuir or Frumkin model. The interfacial tension results indicate several possible orientations of the di-decyland di-hexadecyl-substituted ACE (ACE10 and ACE16) molecules at the water-oil (toluene) interface [5] . X-ray reflectivity carried out on these systems [6] has suffered from the lack of contrast to resolve these conformations and neutron reflectivity in combination with neutron contrast variation remains the most viable technique in resolving these structures.
As a first step in understanding these systems at oil-water interfaces and to provide a direct experimental evidence for possible conformation of ACE16 molecules alone, we measured a series of neutron reflectivity profiles at the buried oil-water interface. We found [7] that at the oil-water interface the azacrown ether molecules form a more diffuse extended layer compared to that at the air water interface. On the oil side the molecules were densely packed within a 17 Å layer, possibly with the hydrophilic part of the molecule including the azacrown ether ring being immersed in the adjacent aqueous side of the interface. The latter consists of a thick 38 Å dilute layer comprising staggered, loosely adsorbed (or aggregated) ACE16 molecules. With increasing the spread amount, the monolayer density increased at the oil side until the saturation at ca. 1.2 10 -6 mol m -2 , above which the monolayer material was expelled to the aqueous side of the interface and ultimately dissolved into the adjacent bulk phases.
Next we studied spread monolayers of mixtures of deuterated N,N′-di-hexadecyl-(d 33 )-4,13-diaza-18-crown-6 ether (d-ACE16) with different chain-length fatty acids (palmitic, stearic and hexacosanoic) using neutron reflectivity (NR) at the air-water interface [8] . By combining the surface pressure-area isotherm with NR measurements, the effect of the presence of fatty acids (FA) on the extent of the d-ACE16 monolayer dissolution at the air-water interface was quantified. Although all the fatty acids were capable of enhancing the retention of ACE16 at the interface, the optimum condition was achieved when the chain length of FA was matched to that of the ACE16 (i.e., C 16 , palmitic acid). These results provide an experimental justification for the current empirical composition of the carrier in the PLM membrane for metal ion transport, where the chain length of the fatty acid (dodecanoic acid) is closely matched to that of the azacrown ether (ACE10) [9] In this paper we extended these studies to investigate the role of added fatty acid, in relation to the real PLMs at the oil-water interface, in order to closer mimic the composition of an ion-transporting membrane used in these devices. The primary question concerns the conformation of these ligands at the interface, which is investigated here.
MATERIALS
The 
EXPERIMENTAL
The neutron reflectivity spectra were measured using the time-of-flight reflectometer FIGARO at ILL, Grenoble, France [11] . The reflectivity profiles were measured at 3.78°
providing a wide Q-range. The sample was under illuminated with a constant resolution Q/Q ~ 5.0%.
Both the ACE16 and palmitic acid solutions were prepared separately in distilled chloroform.
1:1 mixtures of ACE16 and palmitic acid were then prepared prior to the spreading. Our recently developed experimental procedure for the study of amphiphiles at the fluid-fluid interface [7, 12] was deployed. All measurements were conducted at T = 298 ± 0.5 K and the temperature was kept constant by means of a circulating water bath. The attenuation of a neutron beam upon transmission through an oil layer has been minimized by using a thin (~ 2.1 m) oil layer film.
In the first part of the experiment, both the oil and water were contrast-matched to silicon (Nb = 2.0710 -6 Å -2 ). Initially, palmitic acid monolayers at the oil-water interface were studied as a reference; deuterated palmitic acid was used for this purpose. The data referring to ACE16 monolayers presented here are taken from [7] . Three contrasts, with different combinations of palmitic acid and ACE16 (d-PA with d-ACE16, h-PA with h-ACE16, h-PA with d-ACE16), were used to resolve the conformation of both species. Two additional contrasts, which will be discussed later, were used to provide extra sensitivity to the conformation at the interface. The full contrast scheme used is outlined in Table 1 . The fitted Nb values can be written as a sum of the contributions from each of the four species representing the layer: ACE16, PA, oil, and water. When the adsorbed amount is determined by neutron reflectivity at the air-water interface, generally the water phase is contrast-matched to air (null reflecting water) so that the contribution of both species to the fitted Nb is equal to zero (b air =b nrw =0) [13] . When oil and water are contrast-matched to silicon, the contribution from the two liquid phases must be taken into account, hence the total Nb of the layer is written as:
Since the oil and water phases have the same scattering length density, their contribution to the Nb layer can be grouped in:
It must be stressed that (Nb) liq is the contribution of the two liquids to Nb layer and not the scattering length density of bulk oil or water (i.e. it is a function of their volume fractions in the layer). Since we do not seek to determine the amount of oil and water in the adsorbed layer, equation 1 can be rewritten as:
The number density N for ACE16 and PA was calculated by simultaneously solving the above equation for three different contrasts, 1-3. These were then used to calculate the adsorbed amount  for both species using the following formula:
where d is the layer thickness, and N A is Avogadro's number.
In order to precisely ascertain the conformation of the adsorbed layer at the oil-water interface, two additional contrasts (4 and 5) were deployed ( In a previous neutron reflectivity experiment we found that for the spread amount ≥ 4.50  10 -6 mol m -2 the ACE16 monolayers collapsed [7] . For this reason, the spread amount of the ACE16 and PA mixture was kept below this value at all times. The Table 3 and Table 6 Table 5 and Table 6 . Profiles are shifted by a factor of 10 for the purpose of clarity. The un-shifted profiles are shown in figure insert to highlight the lack of significant differences. Labels for the spread amount are in figure insert (units:  10 -6 mol m -2 ).
As opposed to Contrast 1 and Contrast 3, the one layer model for Contrast 2 requires a much smaller layer thickness (d = 21 ± 2 Å for all five spread amounts). This suggests that the one layer model is not sufficient to adequately represent the interfacial region. Therefore we decided to apply a two layer model to fit the reflectivity curves for Contrast 2. When the number of layers is increased, the number of fitting variables is also increased; hence in order to reduce the ambiguity in the fitting procedure the following constraints were applied:
The overall layer thickness for all spread amounts was kept the same as observed for Contrast 1 and Contrast 3.
Where d layer 1 and d layer 2 are the thicknesses of the two layers into which the interfacial region has been divided, whereas d C1 and 3 is the thickness observed for the one layer fit to the reflectivity profiles for Contrasts 1 and 3.
(ii) The integrated scattering length density profile must give the same result as that for the one layer fit, i.e. constant adsorbed amount.
Where Nb layer is the scattering length density observed for the one layer fit to the profiles, Nb b is the scattering length density of the liquid phases (both contrastmatched to silicon) and Nb layer 1 and Nb layer 2 are the scattering length densities of the first and second layer respectively.
The reflectivity profiles for Contrast 2 are shown in Figure 4 ; solid lines correspond to the two layer model fits.
The parameters adopted for the fits for Contrast 1, Contrast 2 and Contrast 3 are shown in Table 3 , Table 4 and Table 5 for spread amount up to 2.40  10 -6 mol m -2 . The fitting parameters for all the three contrasts for spread amount 3.20  10 -6 mol m -2 , with layer thickness d = 34 ± 2 Å are grouped in Table 6 . Table 4 and Table 6 . Profiles are shifted by a factor of 10 for the purpose of clarity. The un-shifted profiles are shown in figure insert to highlight the lack of significant differences. Labels for the spread amount are in figure insert (units:  10 -6 mol m -2 ). Table 3 . Fitted parameters for the reflectivity profiles for Contrast 1 (Figure 2 ). Both oil and water are contrast-matched to silicon. The fitted parameters relative to the highest spread amount are given in Table 6 . 
Spread amount

Contrast 3 d-ACE and h-PA
To ascertain that the two layer model adopted for Contrast 2 is an adequate representation of all the three contrasts, the same model was adopted to fit the reflectivity profiles for Contrast 1 and Contrast 3. The two layer model could effectively represent the reflectivity profiles for all the contrasts (see Supporting information).
For the purpose of calculating the adsorbed amount, it is more convenient to use a one layer model as describe in the literature [14] . Therefore, for Contrast 2 the parameters for two layers need to be combined to give an equivalent single layer. It is known that the adsorbed amount  is a function of the integrated area in the scattering length density profile [15] :
This implies that a scattering length density profile consisting of two layers, each characterised by a certain Nb value, can be substituted with a different Nb profile, consisting of one layer only, as long as the integrated area is kept constant. This Nb value can be calculated using the weighted average, Equation 8 , from the contribution of the two layers, whose values are shown in Table 4 and Table 6 . (8) One should stress that this transformation is only valid when calculating the adsorbed amount at the interface, and not for structural determination of the adsorbed layer. The equivalent thickness and scattering length density values are given in Table 7 .
d / Å (±2)
Nb It is noteworthy analysing in details the reflectivity profiles for Contrast 3. According to the Babinet's reciprocity principle, in a two phase system the scattering length densities of the two phases can be interchanged without affecting the scattering curve [16] . This implies that, considering negligible the reflectivity from the silicon-oil interface, two profiles such as those shown in Figure 5 , presenting the same Nb with respect to the two liquid phases, are bound to have the same reflectivity profiles. In Contrast 1, where we have two deuterated species at the interface, one can with certainty assess that the Nb of the adsorbed layer will be higher than that of the silicon substrate.
Likewise, in Contrast 2 two protonated species are adsorbed at the interface, and the Nb of the adsorbed layer will be lower than silicon. When both deuterated and protonated species are adsorbed at the interface, such as in Contrast 3, one cannot establish a priori whether the Nb of the adsorbed layer will be higher or lower than that of silicon. One way to assess whether the Nb between the adsorbed layer and the silicon will be positive or negative is to compare it to the contrasts where this has already been determined.
Let us consider the situation when the spread amount is 2.40  10 -6 mol m -2 . The Nb values for Contrast 1 and Contrast 2 are summarised in Table 8 , along with the Nb between silicon and the adsorbed layer in Contrast 3. 
1.50
The adsorbed layer at the interface in Contrast 3 is composed of a mixture of d-ACE16 and h-
PA. If the d-ACE16 contribution to the reflectivity is stronger than h-PA contribution, the
Nb layer will be higher than that of silicon. On the other hand, if the contribution of h-PA is dominating, then the Nb layer will be lower than silicon. It is important to note that in no case the Nb layer for Contrast 3, which contains some deuterated material (d-ACE16) can be higher than that observed for Contrast 1 (all deuterated) or lower than that for Contrast 2 (all hydrogenous). Hence, the only acceptable Nb layer value for Contrast 3 is 2.64. Should Nb be small enough that both possibilities were acceptable, one more contrast would be required to over constrain the calculations (for example, h-ACE16 and d-PA could be used with oil and water both contrast-matched to silicon).
The number densities for ACE16 and PA, N ACE16 and N PA , obtained from the Contrasts 1-3 were used to calculate the adsorbed amount at the oil-water interface for the individual compounds using equation (4). In Figure 6 (a) the adsorbed amount of ACE16 as a function of its spread amount at the oil-water interface in the presence and absence of PA are compared. The data referring to ACE16 alone are also shown [7] . An analogous comparison is shown for PA in Figure 6 (b). The values for PA alone were measured in the first part of the experiment and refer to the reflectivity profiles in Figure 1 . The adsorbed amount for both species when they co-adsorb at the oil-water interface does not change significantly as a function of spread amount. This was not surprising for PA, where no changes were observed also when it was the only specie at the interface; however this steady adsorption was unexpected for ACE16. For both species there is generally a significant decrease in adsorbed amount when they move from being the only component at the interface to the condition when they are part of a mixture. 
DISCUSSION
The adsorbed amount for palmitic acid at the oil-water interface is shown in Figure   6 (b) by the filled circles. For the spread amount equal 0.80  10 -6 mol m -2 the adsorbed amount is slightly higher than the maximum theoretical value; the difference is, however, very subtle. For all higher values of spread amount, the adsorbed amount is either equal to or lower than expected. No significant changes are observed with increasing the spread amount, suggesting that for PA the full coverage at the oil-water interface is already reached at the lowest spread amount. This full coverage of PA at the oil-water interface is reached at rather low values of adsorbed amount ( < 1  10 -6 mol m -2 ), significantly lower than those observed for fatty acids (stearic acid) at the air-water interface [17] . The solubility of PA in water is negligible, whereas it has significant solubility in the oil phase. This suggests that the excess fatty acid might simply dissolve in the bulk oil phase. The adsorbed amount of PA drops even further when ACE16 is co-adsorbed at the interface. This is shown also in Figure   6 (b), open circles. Again, very small changes are observed with increasing spread amount.
The adsorbed amount for ACE16 in the absence of PA (Figure 6(a) ) shows an increase with spread amount up to 2.2  10 -6 mol m -2 . The layer gets depleted as the spread amount increases beyond this point. In presence of PA, however, the adsorbed amount for ACE16
remains remarkably constant with increasing spread amount (yet smaller than in its absence).
The fact that the adsorbed amount of both species at the oil-water interface is independent from the spread amount could be indicative of some ordering at the interface. Unfortunately, since neutron reflectivity is only sensitive to the Nb profile normal to the interface averaged over the interfacial plane, any such ordering cannot be detected using the current setting. The association of PA and ACE16 results in a monolayer of constant composition at the oil-water interface as a function of increasing spread amount. This result suggests the presence of a self-regulatory mechanism for the composition of the mixed adsorbed layer.
It is worth mentioning that at the lowest spread amount of the PA/ACE16 mixture (0.80  10 -6 mol m -2 of each component), the spread amount and adsorbed amount for ACE16 correspond well within error, thus indicating that ACE16 is entirely retained at the interface.
On the other hand, the adsorbed amount for PA is extremely low even at the highest spread amount. In order to speculate about where the missing material from the interface resides, we should recall the behaviour of such mixed monolayers at the air-water interface. It has been suggested previously that ACE16 slowly dissolves from the water surface into the bulk aqueous phase [7] . Our recent experiment at the air water interface clearly showed how the presence of PA is beneficial from the point of view of retaining ACE16 at the surface [8] . It is then very likely that the dissolution of ACE16 into the water phase in presence of PA is also slowed down at the oil-water interface. Nevertheless, whereas the solubility of ACE16 in water is very small and that of PA is negligible, both species are readily soluble in hexadecane. Hence, even if only little material may dissolve into the aqueous sub-phase (as reported at the air-water interface), it seems more likely that most of the adsorbed material leaves the interface by dissolving into the oil phase.
The small amount of PA retained at the oil-water interface stems probably from the fact that it readily form dimers when present in organic solutions. The driving force for the formation of these dimers is the fact that carboxylate groups are both good donors and acceptors of hydrogen bonds [18] . Dimerisation effectively shields the hydrophilic parts of PA, thus rendering it more oil-soluble and more prone to desorb from the interface. Analogously, formation of PA/ACE16 interfacial complexes shields the hydrophilic parts of both molecules, by forming an H-bond between nitrogen atoms of ACE and carboxylate group of the PA [19] . As a result, the interfacial complex formed is more hydrophobic than the individual components and desorbs from the oil-water interface. While the fact that the azacrown ether and fatty acid do co-adsorb at the oil-water interface was evident from previous interfacial tension and surface rheology studies [20, 21] , the current experiment sheds new light on both the composition and surface activity of this complex. The adsorbed amount of PA in the mixed monolayer is very little and most of the material dissolves into the oil phase. However, the presence of PA at the interface significantly affects the adsorption profile of ACE16 (Figure 6(a) ). The present results show that the fatty acid may have a regulatory effect on the surface concentration of ACE16.
The maximum adsorbed amount for both species seems to be already reached at spread amount 0.80  10 -6 mol m -2 . At this surface coverage ACE16 is entirely retained at the interface, while most of the PA dissolves in the oil phase. As the surface coverage increases up to 1.60  10 -6 mol m -2 , no significant changes are observed in the adsorbed amount of both species. The presence of PA seems to enhance the adsorbed amount of ACE16, which would be lower in its absence [7] . At spread amounts higher than 1.60  10 -6 mol m with d-ACE16; hence the integration of the area comprised between the two Nb profiles in Figure 9 can be used to obtain a rough estimation of the adsorbed amount of ACE16 at the interface. The integrated area leads to an adsorbed amount  ~ 1.1  10 -6 mol m -2 , which is slightly higher than the values calculated simultaneously using the first three profiles.
Because of calculations being carried out using the average values between all the fitted reflectivity profiles and because of the presence of interfacial roughness in the current model, we did not expect to obtain exactly the same values calculated using the first three contrasts.
The Nb profiles in Figure 9 show that there is a significant Nb in the first layer, adjacent to The invariable adsorbed amount observed for both ACE16 and PA suggests that the interface rapidly reaches saturation at low surface coverage and the excess material is ejected into the bulk phase. Hence, two scenarios are possible:
(i) The excess material in the bulk phase does not interact with the adsorbed material and the dissolved material does not exchange with the interface.
(ii) The co-adsorption process at the oil-water interface is driven by equilibrium. The excess material which resides in the bulk phase exchanges with that in the adsorbed layer, leading to a dynamic interface.
This ACE-fatty acid mixtures have been successfully used for metal ion transport in permeation liquid membrane systems (PLM); hence a static interface does not seem to be compatible with the efficient transport mechanism. We believe that the second scenario, whereby equilibrium between the material in solution in the oil phase and that adsorbed at the interface is established, is more compatible with the transport mechanism. In fact, easy exchange of both ACE16 and PA between the bulk and the interface would be desirable in a PLM device, where the extraction process takes place at the interfacial region. A confirmation for the more dynamic nature of the interface comes from the increase in overall layer thickness of the interfacial area observed when PA and ACE16 are co-adsorbed at the interface ( Figure 10 ). Exchange of material between the interface and the bulk phase would in fact lead to an effective thickening of the interfacial region.
The macroscopic mechanism of transport across the membrane has already been discussed [22] ; however the mechanism for the formation of the metal-carrier complex at the interface is still under dispute. We tentatively suggest here that, because of the very small adsorbed amount of PA at the oil-water interface, it is more likely that ACE16 interacts with the metal ion from the aqueous phase in the first place. As soon as this interfacial process is completed, the transport through the bulk of the membrane can eventually proceed via "paddlewheel" formation in the bulk organic (membrane) phase, where the fatty acid plays a crucial role [22] .
CONCLUSION
Mixed monolayers of ACE16 and palmitic acid at the oil-water interface showed a remarkable uniformity in composition with increasing spread amount, where saturation of the interface was already achieved with low spread amount. A very little amount of palmitic acid is retained at the interface and it does not change with increasing spread amount. The excess material accommodates in the oil phase, playing an important role in equilibrating the interfacial concentration of ACE16. In the absence of PA the adsorbed amount for ACE16 increases up to a spread amount of about 2.5  10 -6 mol m -2 (see Figure 6 (a)). The presence of PA increases the surface concentration of ACE16 at low spread amount, but facilitates its dissolution into the oil phase at the high spread amount.
The structure of the mixed layer is rougher and thicker than a pure ACE16 layer, suggesting the instauration of a dynamic exchange between the bulk phase and the interface. Such exchange ensures a continuous turnover which reflects in more metal ions transported through the interface and increased efficiency of the PLM device.
The studies have been performed in the absence of metal ions, whereas in a real device a small concentration of metal ions would be present in the aqueous phases. The presence of ions would not excessively alter the conformation of the adsorbed layer at the air-water interface (extraction is prevented by the lack of a hydrophobic solvent) but may significantly affect the conformation of the adsorbed layer at the oil-water interface. As last step in the characterisation of these PLM devices, we are currently studying the effect of addition of metal ions such as Cu 2+ to the bulk aqueous sub-phase.
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Supporting Information
Contrast 1 and Contrast 3 were fitted using a single layer model, whereas a two layer model was used for Contrast 2. Such a two layer model can adequately represent also the reflectivity profiles for Contrast 1 and 3. As an example, the reflectivity profiles for spread amount 
